We present a mathematical model for wettability alteration in fractured reservoirs. Flow in the reservoir is modeled by looking at a single fracture surrounded by matrix on both sides. Water is injected into the formation with a chemical component that enters the matrix and adsorbs onto the rock surface. These changes of the mineral surface are assumed to alter the wettability towards a more water-wet state, which leads to enhanced recovery by spontaneous imbibition. This can be viewed as a representation of 'smart water' injection where the ionic composition of injection brine affects recovery. The wettability alteration is described by shifting curves for relative permeability and capillary pressure from curves representing preferentially oil-wet conditions towards curves representing more water-wet conditions. The numerical code was successfully compared with Eclipse for the specific case where a fixed wetting state is assumed. Also, the relevance of the wettability alteration model was illustrated by modelling a spontaneous imbibition experiment where only a modification of the brine composition led to a change in oil recovery. The model can predict sensitivity to matrix properties such as wettability, permeability, fracture spacing, etc and external parameters like schedule of brine compositions and injection rate. Our model illustrates that conventional reservoir modelling can not be used to capture accurately the behavior we observe. The rate of recovery and the level of recovery have a strong dependency on the component chemistry and its distribution. A significant feature of gradual wettability alteration by injecting a component is that the rate of fluid transfer is maintained between matrix and fracture. The resulting recovery profile after water breakthrough can behave close to linear as opposed to the root of time profile that is observed when the wetting state is fixed (Rangel-German and Kovscek, 2002) . The water will typically break through early as dictated by the initial preferentially oil-wet state, but a higher final recovery will be obtained as higher saturations can imbibe. Improved understanding of the coupling between wettability alteration controlled by water-rock chemistry and fracture-matrix flow is highly relevant for gaining more insight into recovery from naturally fractured reservoirs.
reservoirs we refer to (Roehl and Choquette, 1985 , Nelson, 2001 , Ahr, 2008 . Water injection into NFRs occurs under quite different conditions from those met in the lab. The matrix blocks are of highly varying size and are not fully surrounded by water until some time after the water front has passed and imbibition has already started. Especially, the fully saturated boundary condition found in the lab may not generally be assumed in the field. Large matrix blocks may be exposed to water in the lower part and oil in the top part (due to gravitationally segregated flow in the fractures). This situation favors cocurrent (COC) SI (Pooladi-Darvish and Firoozabadi, 2000a , Bourbiaux and Kalaydjian, 1990 , Haugen et al., 2014 . Depending on degree of exposure to one or two phases and the relative importance of gravity to capillary forces the flow is a combination of COC and CC (Bourbiaux and Kalaydjian, 1990) . Chemical reactions and mixing will alter the fluid composition and the water imbibing near the injector is different from the water imbibing further into the reservoir. To gain better understanding of dynamic wetting changes in NFRs it is useful to make a simplified representation containing some key features: i) two-phase flow in a 1D+1D fracture-matrix geometry ii) wettability alteration resulting from a simplified reaction chemistry.
Such a simplified study will be the aim of this article. We consider a naturally fractured reservoir as modeled by a linear fracture surrounded by matrix on both sides. We assume advective flow in the fracture from an injector to a producer, with CC SI along the matrix interacting with the fracture flow. A component in the injected fluid can diffuse into the matrix, adsorb on the rock and alter the wettability towards a more water-wet state, depending on the degree of adsorption. We name the component WA (wettability alteration) agent. This is similar to a 'smart water'-injection where ionic interactions between brine and surface are believed to alter the wetting state. The wettability alteration is represented by shifting relative permeability and capillary pressure curves from preferentially oil-wet (POW) towards preferentially water-wet (PWW) using consistent sets found in the literature (Behbahani and Blunt, 2005) . CC SI in the matrix is described by a nonlinear diffusion equation, while advective transport in the fracture is described by standard Buckley-Leverett formulation. With this model we can gain a better understanding of the interplay between advection, imbibition, reactive flow and dynamic wettability. It also gives an indication of how results obtained in the lab can appear on a larger scale where the boundary conditions are dynamic.
The paper is organized as follows: A brief summary of relevant previous work is presented. Next, we present the mathematical formulation of the model. The model is tested in two ways: (i) by comparison with a commercial simulator; (ii) by an illustration of how wettability alteration can be used to match brine-dependent experimental data. The purpose of (i) is to verify that the 1D+1D model behaves similar to a full 2D model. The behavior of the model for different conditions is then explored by a series of numerical examples followed by conclusions.
Previous experimental work
A lot of experimental work has been carried out to improve recovery from oil-wet and mixed-wet fractured reservoirs. Gravity drainage is an omnipresent mechanism, but for tight oil-wet rocks the strong capillary forces retain much of the oil and the process is slow. Several studies have shown that recovery by SI is improved when wettability turns towards water-wet (Zhou et al., 2000 , Anderson, 1987 , Strand et al., 2006 . The combined effect of fracture flow and wettability was demonstrated in the works (Graue et al., 2001 , Haugen et al., 2010 , Haugen et al., 2008 , Haugen et al., 2007 . Blocks of porous media with defined fracture surfaces were flooded with water and the impact of wettability was demonstrated by imbibition of water into the water-wet blocks and negligible imbibition into the oil-wet blocks as observed using MRI techniques. Also, by flooding the individual blocks they illustrated that high recovery can be obtained by advective displacement in an oil-wet medium, in contrast to the low recovery obtained by SI. (Pooladi-Darvish and Firoozabadi, 2000b ) considered a setup of water-wet matrix blocks (both chalk and sandstone) with a narrow fracture network (0.5% PV). Water was injected at the bottom and imbibed into the blocks. A rising water level in the fractures displaced oil upwards. They observed that blocks were mainly produced cocurrently while having contact with oil, and countercurrently when the blocks became fully immersed by brine as visualized by oil droplets rising beneath the water level in the fractures. At the transitions from COC to CC flow, oil production would be less efficient. This was in agreement with other experiments and modelling (Pooladi-Darvish and Firoozabadi, 2000a , Bourbiaux and Kalaydjian, 1990 , Bourbiaux, 2009 .
The application of surface-active agents can alter wettability. (Gupta and Mohanty, 2011 ) measured oil-water contact angles on calcite plates and noted that optimal salinities and surfactant concentrations exist (where the contact angle reaches a minimum). (Xie et al., 2005) performed SI experiments on numerous reservoir cores using formation brine followed by surfactant solutions and observed increased recovery (5-10%). The additional recovery was ascribed in large extent to wettability alteration, rather than buoyancy. Surfactant was combined with various sulfate concentrations to imbibe into outcrop chalk (Strand et al., 2003) . More sulfate led to increased recovery. (Hirasaki and Zhang, 2004) showed that the potential determining ions CO 3 2-, HCO 3 can make a carbonate surface negatively charged and water-wet. They combined sodium carbonate with surfactant to both alter wettability and reduce capillary forces. As they obtained ultra-low IFT the recovery was mainly driven by buoyancy. (Zhang et al., 2007, Zhang and showed that simply modifying the setup of the natural ions in seawater (no surfactant) can have significant impact on the oil recovery. Sulfate, calcium and magnesium are potential-determining ions towards chalk and can adsorb on the surface. The authors suggested that adsorption of the negative sulfate ion reduces the positive charge of the chalk surface and releases negatively charged carboxyl-groups in the oleic phase, which in effect make the surface more water-wet. The cations can then substitute oleic complexes near the surface. Cations also reduce the activity of sulfate by aqueous complexation which prevents scaling of anhydrite. Negligible variations in IFT are reported. Further studies (Fathi et al., 2010 , Fathi et al., 2011 showed that removing inert ions in F o r R e v i e w O n l y seawater (sodium, cloride) also improves SI. It was proposed that the mechanism was related to improved surface access for the potential-determining ions. A study by (Fernø et al., 2011) investigated the sulfate effect for different mineralogies and initial wetting states.
In (Strand et al., 2006) the adsorption properties of sulfate to chalk were used as a means to measure wettability by comparing the amount of adsorption compared to that of a completely water-wet sample. In (Ahsan et al., 2012) long term imbibition tests with porous disc showed that sulfate alone (at high concentrations) can improve wettability. Seawater injection into the North Sea field Ekofisk has caused subsidence (Agarwal et al., 2000) . It is known that seawater and similar brines can dissolve and weaken chalk (Austad et al., 2008) , but sulfate adsorption even by itself has been related to the weakening of the chalk matrix (Megawati et al., 2012) . It was shown in (Hiorth et al., 2010) that observed oil recovery by SI of seawater-like brines found in the literature correlates well with the calculated dissolution of chalk at high temperature. The chemical nature of seawater and its potential ability to alter wettability and weaken carbonate (especially chalk) should be considered during development of fractured carbonates.
Previous modeling
CC SI is normally represented by a nonlinear diffusion equation. Despite this simple nature, finding a proper time scale for recovery has been an ongoing topic in order to understand the role of different parameters and to upscale lab experiments to the field. The effect of static parameters (porosity ϕ , permeability K, interfacial tension σ , and characteristic length L) is well agreed upon, as illustrated by the correlation from (Ma et al., 1997) for dimensionless time below:
Changes in dynamic properties such as viscosity, relative permeabilities and capillary pressure were harder to predict, resulting in different formulations (Zhou et al., 2002 , Ma et al., 1997 , Tavassoli et al., 2005 , Mattax and Kyte, 1962 , Li, 2007 , valid under various restrictions. As demonstrated experimentally in (Zhou et al., 2000) , wettability can affect recovery time scales by orders of magnitude. General analytical solutions for 1D SI into a porous medium were derived in (McWhorter and Sunada, 1990) , accounting for arbitrary flow parameters. The solution was used to make a universal scaling and was applied on a variety of imbibition experiments in Geiger, 2012, Schmid and . The mentioned analytical solutions are valid only until a no-flow boundary is encountered. Some papers (Tavassoli et al., 2005 , Mirzaei-Paiaman et al., 2011 present simplified analytical solutions for imbibition that satisfy the boundary conditions and the average intake of water for all times, but not all conditions on the inner phase distribution. (Cai et al., 2014) made a model that could account for tortuosity and gravity. Their model had several other imbibition models as special cases, but assumed pistonlike fluid displacement.
Different models exist on the topic of brine-dependent SI. In (Yu et al., 2009 , Yu et al., 2008 a 1D model of SI core experiments was considered where an adsorbing agent altered the wettability towards more water-wet and hence increased the recovery. The alteration process was matched by an appropriate adsorption isotherm. Similar models Hiorth, 2011, Andersen and Evje, 2012a) with a more consistent geochemical description, (i. e. reaction kinetics matched from flooding experiments (Andersen et al., 2012) ), correlated geochemically induced modifications of the matrix to changes in wettability and were matched against experimentally observed oil recovery. A geochemical model (Qiao et al., 2014) related surface complex formation (between species in the solid and fluid phases) to wettability. They used the model to explain the variation in SI oil recovery from chalk due to different salinity and sulfate concentration. At low salinity and high sulfate concentration it followed from equilibrium calculations that a lower amount of polar oil components stay attached to the surface. (Stoll et al., 2008) made an evaluation concerning the time scale of recovery driven by wettability alteration. The authors showed that in absence of significant capillary imbibition (oil-wet media) the imbibition rate was limited by molecular diffusion and could be 1000 times slower than for the corresponding water-wet media. Scaling up experiments to meter-sized blocks indicated that the large time scales would be economically uninteresting. (Bourbiaux et al., 2014) made similar observations, but further showed that pressure gradients of similar order as observed in the fracture network could significantly accelerate this process.
Models for fracture-matrix flow must account for the fact that imbibition is limited by the gradual advance of water in the fractures. Especially, the matrix boundary experiences a varying, not constant, saturation. There exist different model types depending on scale and complexity. (de Swaan, 1978) presented an analytical model for horizontal fracture-matrix flow where a rate for fully saturated boundary (as given by an exponential expression) was incorporated in an imbibition source term using a convolution integral, thus accounting for varying fracture saturations. In (Gautam and Mohanty, 2004) the authors modeled an experimental setup where water would flow in a thin channel (fracture) between two core plugs and oil was recovered from the cores by CC SI. (Rangel-German and Kovscek, 2002) presented experimentally how water flowing through a fracture imbibes to a surrounding matrix and presented an analytical solution for the combined matrix-fracture flow by extending a 1D solution for SI. The main assumption was that the capillary diffusion coefficient (CDC) was constant. The authors showed how the initial recovery would be linear with time and later be linear with the square root of time, consistent with experimental behavior. A similar model concerning solute transport in one phase along a fracture was given in (Mainguy and Ulm, 2001) . The solute was distributed by molecular diffusion and chemical dissolution / precipitation in the matrix. The authors gave an analytical expression for the long-term behavior of the solute front. Simplified models were considered for upscaling lab results to field in (Mattax and Kyte, 1962, Aronofsky et al., 1958) by looking at recovery from vertically stacked blocks at a rising water level in the fractures. (Pooladi-Darvish and Firoozabadi, 2000b ) made a simple analytical solution for 1D CC SI assuming a constant CDC. The solution incorporated that early time recovery is proportional to L t , and showed that late time recovery is represented by an exponential form, as suggested in (Aronofsky et al., 1958) . The solution was verified against CC SI experiments. It was then extended to vertical fracture flow and verified against experiments dominated by CC SI. (Terez and Firoozabadi, 1999 ) made a Buckley-Leverett type model with a source term for the vertical fracture saturation profile. They proposed that two exponential terms (and time scales) should be used to incorporate COC and CC SI. The model was compared with experiments in (Pooladi-Darvish and Firoozabadi, 2000b) in addition to new tests they performed of similar nature.
Reservoir-scale modeling of fractured reservoirs is usually performed using a multiphase dual porosity formulation (Kazemi et al., 1976) in which the reservoir is assumed to contain matrix blocks separated by a fracture network. Recovery of oil from the blocks to the fractures is modeled by a transfer term. An interesting alternative to this approach was discussed in (Unsal et al., 2010) where the fracture network was modeled explicitly, while the matrix was included via source terms. That paper also contains several references for matrix-fracture flow models. Another approach called the multirate dual porosity model was discussed in where the size distribution of matrix blocks was taken into account. This feature is important since the block size determines the time scale required for SI. (Salimi and Bruining, 2011) explored the effects of the Peclet number and gravity number on oil recovery in a reservoir simulation study. In (Delshad et al., 2009 ) the 3D compositional simulator UTCHEM was applied with a dynamic wettability option to simulate wettability alteration by surfactant injection into fractured reservoirs.
A previous paper on the model discussed in this paper is given in (Andersen and Evje, 2012b) . In that paper the model was considered at fixed wettability without component transport and the key model parameters were discussed. A dimensionless number was proposed to evaluate the efficiency of waterflooding through a fracture-matrix system.
System description and modeling
We will consider a geometry given by a fracture surrounded symmetrically by matrix rock, as shown in Figure 1 . The system we consider contains 2 immiscible liquid phases, namely oil (o) and water (w). The water phase can carry a component that we term WA (wettability alteration) agent as we assume this component has the potential to interact with the matrix and affect wettability properties. Other main assumptions we will use are:
• The rock and fluids are incompressible.
• The fracture and matrix are separate regions with different flow properties.
• Each region has constant permeability, porosity and width. The saturation functions (capillary pressure and relative permeability) are also regionally distinct. • Wettability alteration chemistry occurs instantaneously.
• The wettability alteration is coupled to adsorption of the WA agent and is represented by shifting relative permeability and capillary pressure functions. Viscosities and interfacial tension are assumed constant. • Advective flow occurs only in the fracture in y-direction. Dispersion effects are negligible in the fracture flow.
• Capillary flow in the matrix occurs only along the x-direction, in CC manner.
• Gravity effects are not considered, thus we ignore gravity drainage and water level rise in the fractures. We will now give a mathematical description of the model. Consider a horizontal plane (x, y) such that the y-axis runs parallel with a linear fracture of length y L and width 2b. The fracture cuts the plane in half and porous medium (matrix region) is located on either side going a length of x L on either side of the fracture (the geometry and notation is inspired by (Mainguy and Ulm, 2001) ), see Figure 1 . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 The fracture and matrix domains are given by
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The injector and producer are located at the surfaces
Relevant local variables are phase pressures p w , p o , phase saturations S w , S o and WA agent concentration in the water phase: c. We make use of the following constraints:
• The saturations are dependent as S o + S w =1. From this we eliminate the oil saturation S o .
• The phase pressures p w , p o are in local equilibrium as given by the capillary pressure, P c , which is a known function, p op w = P c (S w ). This is used to eliminate the water phase pressure, p w . • From boundary conditions we can determine the total velocity at any position. This parameter will replace the oil phase pressure p o . Accordingly the final model will be expressed by the 2 variables water saturation S w and WA agent concentration c. Define phase mobilities for matrix and fracture as , µ
and water fractional flow functions as
The index j refers to oil (o) or water (w) phase, while m and f refer to matrix and fracture, respectively. rj k is relative permeability and j µ viscosity. The matrix relative permeabilities m rj k and capillary pressure curves m c P are functions of both water saturation S w and concentration c as the WA agent can alter the functions by changing the matrix wettability. The WA agent is however assumed to behave inertly in the fracture. In other words this study focuses on a situation where the change in SI behavior caused by the spreading of a chemical component into the matrix is the central issue. A next step would be to implement effects of wettability alteration also in the fracture.
Transport equations for the matrix are given in (6). They can be derived using a similar approach as in (Yu et al., 2008) . The water phase flow is controlled by capillary pressure gradients. The WA agent flows along with the water phase, but also spreads by dispersion / diffusion and retains by adsorption. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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Matrix porosity m ϕ and absolute permeability m K are constant. A(c) represents the adsorbed component. Flow in the fracture (7) is controlled by an advective term due to injection. In addition source terms relate the fracture flow with flow in the matrix.
We work with average values in the fracture, meaning that these variables depend on (y,t), but not x. The source terms are evaluated by properties of both fracture and matrix. The fracture width 2b, and fracture porosity f ϕ are assumed constant. f T v is the total pore velocity in the fracture. It is uniform along the fracture, but can vary in time as defined by injection conditions. Finally, we note that the matrix water velocity v w appearing in the dispersion coefficient D is given by:
Relative permeability and capillary pressure functions
In this section we present expressions for relative permeability curves (Dullien, 1992) . For the matrix we let imbibition curves m J be defined as follows:
see (Skjaeveland et al., 2000) 
The fracture capillary pressure is assumed given by the following correlation:
.
The use of nonzero capillary pressure and nonlinear relative permeabilities in fracture modelling has become more relevant in recent years. In (Dejam and Hassanzadeh, 2011) the authors state that formation of liquid bridges requires a nonzero capillary pressure in the fractures. In (de la Porte et al., 2005) the authors calculated fracture capillary pressures and showed that the magnitude will increase with smaller aperture. They also illustrated that fracture relative permeabilities can become highly nonlinear due to the interplay of gravity, surface roughness and aperture. (Haugen et al., 2007) compared in-situ oil displacement obtained by MRI with numerical simulations and noted that some features could only be matched using a varying fracture capillary pressure.
Altering wettabilities
We couple the alteration in wettability to the adsorption of WA agent on the matrix surface. The amount of adsorbed species (measured per porous volume) is assumed to be given by a Langmuir isotherm (see Remark 2):
This implies that more WA agent will adsorb if the concentration is increased, but not more than the threshold A max . The wettability alteration is coupled to the relative adsorption
, that is, how much is adsorbed compared to what is
obtainable. An illustration of this scaled isotherm, w, is given in Figure 3 . The interpolation is assumed to be linear in w :
If there is no adsorbed WA agent then no wettability alteration has occurred and the matrix remains POW. Then w=0 and the curves are given by the POW state. On the other hand, if the matrix has adsorbed its maximal amount of WA agent the matrix becomes PWW. Then w=1 and the curves are given by the PWW state.
Remark 1
The adsorption of a component can depend on electrical forces interacting with the charged matrix surfaces. The pH of the brine and ionic capacity of the surface are of high importance, see (Appelo and Postma, 2005) . Isotherms are simplified approaches to capture the retention of a species over the range of relevant concentrations As shown in (Megawati et al., 2012) increased concentrations do not increase the adsorption of sulfate after a certain point. It has also been shown that sulfate adsorbs and desorbs on chalk reversibly (Strand et al., 2006) . A Langmuir isotherm captures both features. Similarly, Langmuir-type adsorption has been applied for surfactants (Bourbiaux et al., 2014) Remark 2 Wettability alteration occurs at the microlevel by a modification of interfacial tensions. These changes affect the saturation curves which are measured on the macro scale. The linear interpolation between wettability states as given by (14) assumes that the wettability transformation occurs instantaneously and that the wettability state is linearly related to the adsorption. To get a more accurate (nonlinear) relation one can measure wettability curves for a given oil-water-rock system at several brine concentrations. This was demonstrated in (Ahsan et al., 2012) . By considering SI experiments and the recovery behavior one can estimate the time scale of brine-chemistry effects. In the work (Zhang and Austad, 2006) it was seen that at increased sulfate concentration, high saturations imbibed during a couple of days.
Remark 3
In this work we consider different wetting states at the same initial saturation. Wetting state is strongly linked to initial water saturation: If a high saturation of oil invades the matrix a larger fraction of the pores will be rendered oil-wet by adsorption of polar components, see also (Zhou et al., 2000) . Wettability is also linked to the chemical composition of the fluids: In (Yu et al., 2007) it was shown that contact angles of oil droplets in brine measured on a mineral surface can become more water-wet when exposed to synthetic seawater rather than distilled water. In (Ahsan et al., 2012) it was shown that cores aged with sulfate brines obtained a higher residual water saturation. We assume a situation in which the fluids are initially in equilibrium and a component enters through the water phase and affects the thermodynamical state. In terms of wetting change this may be observed by a release of the oil film and a redistribution of the phases with more oil centrally in the pores. In other words we consider differences in wetting state due to changes in chemistry and not due to changes in initial saturation. 
Initial and boundary conditions
In addition to the transport equations the system is equipped with initial conditions of the following form: y,t= =S x, y , c x, y,t= =c x, y . (16) Boundary conditions for the fracture at the injector are given by the composition of the injected fluid:
(17) The boundary at the exterior of the matrix is assumed closed, i.e:
Finally, we note that the fracture-matrix interface is defined by capillary pressure continuity (except when a phase is immobile) and concentration continuity:
The fracture source terms in (7) controlling flow between matrix and fracture are defined by continuity with the matrix fluxes given through (6). These interface conditions are in line with fracture flow modeling in the literature, see (Duijn et al., 1995) and (Salimi and Bruining, 2011) .
Numerical solution
The system is solved by an operator splitting approach based on making subsystems where flow either goes in x-or y-direction and we switch between solving each system. The flow in x-direction is further split into capillary diffusion and component dispersion / diffusion. The system is discretized into N x =25 cells equally sized along the positive x-axis and N y =70 equally sized cells along the y-axis. 100 splitting steps are made per injected fracture volume (FV). More information is found in the Appendix.
Numerical investigations Input
Reference case input parameters are given in Table 1 . In addition we consider initial saturations ,0 0.15 . With the given parameters we note that 1 reservoir pore volume (RPV) corresponds to 501 fracture volumes (FV). Curves for capillary pressure and relative permeability are shown for matrix and fracture in Figure 2 and Figure  3 , respectively (corresponding curve parameters are given in Table 2 and Table 3 ).
The matrix curves are displayed for POW and PWW states. The curves are given by the correlations (9) and (10) matched to data (also displayed) obtained from porescale network modelling (Behbahani and Blunt, 2005) where different wetting distributions were applied to match experimental SI and flooding data as given in (Zhou et al., 2000) . Especially, we apply the saturation data corresponding to aging times t a =240h for POW data and t a =48h for PWW data, see (Behbahani and Blunt, 2005 ) (capillary pressures are adjusted to account for our choice of permeability). Also, an interpolation of the curves is displayed according to (14) 
Behavior at constant wettability
First we consider the extremes of the model. Using the reference case input data we compare the model behavior if the matrix is uniformly and fixed POW or PWW. When the fracture is fully water-saturated the capillary pressure is 0 (see the green curve left in Figure 3 ). Water will spontaneously imbibe into the matrix until the same capillary pressure is obtained. Note from the capillary pressure curves in Figure 2 that in the more oil-wet case the matrix water saturations will approach 0.26 since the capillary pressure vanishes at this saturation (the driving force requires a capillary pressure gradient, see (7)). In the PWW case the water saturations may reach 0.396. This corresponds to maximum recoveries of respectively 13.1% and 29.1%, see (22). These reference simulations can be summarized as follows: -Water breaks through first for the POW reservoir as seen by a rise in the water flux after short time (Figure 4, left) . The injected water flows preferentially through the fracture and imbibes slowly to the matrix. -In the PWW case water breakthrough does not occur until several fracture volumes (ca 1/10 RPV) have been injected indicating a more efficient imbibition process. It is followed by a gradually increasing water flux indicating that much of the injected water still goes into the matrix. -At very early times, before water breakthrough, the recovery profiles are linear (Figure 4, middle) . The long term recovery profiles are indicated in Figure 4 , right. Note that the time scale of recovery for the POW matrix is roughly an order of magnitude higher than for the PWW matrix, as seen also on lab scale (Zhou et al., 2000) . -The distribution of water is shown in Figure 5 after injecting 0.25 RPV. In accordance with the previous statements, the PWW matrix obtained higher saturations with deeper reach into the matrix compared to the POW matrix. (2 ) 1000 12
Both local behavior (given by fracture saturation profiles) and overall behavior (given by recovery) is well captured. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 showing saturation profiles along fracture (left for POW, middle for PWW) and recovery curves.
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Role of block size
The geometrical configuration of the reservoir can pose a challenge for water injection. The time scale of SI is proportional to the square of the block dimension, see (1), which indicates that large blocks need a lot more time to be produced. As an example, consider the PWW case where block dimension L x is varied. To keep a fixed injection rate we vary the fracture velocity as
Injecting a comparable amount of water (measured in reservoir volumes) is less efficient when the blocks are large, see Figure 7 . It was however noted (Bourbiaux, 2009 ) that for very large blocks (10-100 m) COC gravity drainage can be a more efficient mechanism than CC SI for strongly water-wet media.
Figure 7
Effect of block size on recovery for the PWW reference case at a given rate.
Modelling core SI experiments
Also, we consider an SI experiment on chalk found in the literature (Zhang and Austad, 2006) where only the sulfate concentration in the imbibing brine (synthetic seawater) is varied from test to test and the connate water contains no sulfate. The cores are cylindrically shaped with 6 cm length and 3.5 cm diameter. Initial saturation is S w,0 = 0.25. The linear 1D matrix model (6) was implemented to simulate CC SI with sulfate adsorbing by (13) and dynamically altering saturation functions as given by (14). The boundary condition at the core surface is similar to the boundary conditions of a matrix-fracture boundary: J(0,t) = 0, S w (0,t) = 1, c(0,t) = c imb . Two different wettability states and a Langmuir isotherm were selected to match the recovery profiles. The results are given in Figure 8 . The results indicate that wettability alteration as dictated by sulfate adsorption offers an explanation to the observed brine-dependent oil recovery and is a valid assumption to be used on a larger scale. 
Injecting different concentrations of WA agent
To study the interplay between wettability alteration (controlled by the WA agent) and matrix-fracture flow we let the injected brine carry a certain concentration of the WA agent. As injection begins the matrix is originally of POW state. Several tests were run where the injected concentration c inj was varied. Results are shown in Figure 99 and Figure 10 .
-When WA agent adsorbs on the matrix surface the capillary pressure is raised, improving the potential for SI. A higher concentration of WA agent shifts the wettability more and therefore results in different end recoveries for different concentrations. -The time scales are also shifted from that of the original state (POW) to that of the end state (PWW) as seen in Figure  9 (right) where it is seen that higher end recovery is obtained in shorter time. This is consistent with lab scale brinedependent SI data as observed in (Fathi et al., 2010 , Fathi et al., 2011 ). -Early time behavior is dominated by the initial wetting state. In all cases the water breaks through at similar times (seen by the rise in water flux in Figure 9 , left), indicative of the initial wetting state, POW, of the matrix. The wettability changes occur behind the water front as the component must enter the matrix and react, while the frontal water only encounters unaltered areas. It is therefore reasonable that breakthrough times are not affected by the chemistry. This should also hold for more general geometries. -The distribution of water and component after 0.25 RPV are given in Figure 10 . Note that the component has only effectively entered half the matrix region (nearest the injector) at this time. In this region the water is spreading deeper into the matrix and to higher saturations. The region closer to the producer (unaffected by the WA agent) has a more narrow imbibition depth with low saturations obtained, comparable with Figure 5 (left) . -The impact of wettability alteration becomes apparent by a deviation from the POW reference case after short time, see Figure 9 , left. A competition between lowered capillary pressure as saturations increase and increased capillary pressure by WA agent adsorption leads to a more stable matrix-fracture transfer rate. This is observed as a stabilization of the water flux during a long time of production and a very linear recovery profile. The onset and dominance of wettability alteration in the profile relies heavily on how efficient the component is able to spread and to alter the wettability (to be discussed later). In general a network of fractures should produce a more advanced profile where the linear vs square root regime predicted in this geometry may be less recognizable. -The final stages of recovery are dominated by imbibition fronts hitting noflow boundaries, vanishing effects of chemistry resulting in reduced fluid transfer across the matrix-fracture boundary. The water flux steadily approaches 1 as the potential oil is recovered.
It is important to be able to observe the effect of the injected component in the field as soon as possible. This may determine whether continued use of chemicals should be pursued or stopped. As explained, our model suggests that wettability alteration does not necessarily affect the breakthrough time, which is indicative of the initial state. The behavior after breakthrough should however be more indicative. This does of course depend on distribution and reactivity of the WA agent. A possible Page 12 of 22 SPE Journal   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r R e v i e w O n l y reason for seeing effects quickly (as in the examples) is the short residence time in the fracture network. Specifically, if the SI rate is low, injected water is produced quickly. A change in SI rate due to chemical interaction will cause an impact on the flow pattern. This response is transported quickly to the producer as well. An additional comparison was made for the reference case c=1 where we distinguish between fixed wettability (corresponding to uniform and constant concentration) and a gradual wettability alteration where WA agent is injected. The results are given in Figure 11 . When the initial wettability is more water-wet a high SI rate starts immediately resulting in a more delayed water breakthrough than if the initial state was POW. The SI rate is then continuously reduced due to the weakening of the capillary pressure gradient. The water flux increases gradually until no more oil is produced. For varying wettability we see early breakthrough followed by a stabilizing water flux / linear recovery profile. Note that the water flux in the varying case is lower than in the fixed case after some time and at that time produces oil faster than in the case of fixed wetting. The recovery curve is however lagging behind and the total recovery period is longer. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 In Figure 12 we compare the outgoing flux of the WA agent (f w c) with that of the water (f w ) for the reference case. The WA agent arrives later at the producer than the water due to the interaction with the matrix (the fracture is initially oil-saturated). The WA agent is diluted into the connate water in the matrix and adsorbs onto the matrix rock surface. This process effectively strips the water of WA agent and as a result there is no significant production of the component until ca 0.5 RPV = 250 FV have been injected. Note that this event coincides well with the time when the water flux begins to increase again. At this point the reservoir does not adsorb the component very efficiently as it partly is produced again on the other side. The matrix surface becomes saturated on the component at the given concentration and adsorbs less of the injected WA agent. Therefore the wettability alteration ceases and does not sustain the capillary drive. The SI process weakens and recovery eventually stops. 
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Required amount of adsorption
When the WA agent adsorbs to the surface to change wettability it is important to know how much species is required to achieve a certain effect. If several pore volumes of injection are needed to alter the wettability significantly it may be an expensive option compared to other techniques. In Figure 13 we have varied the parameter A max (the amount that must adsorb for maximum wettability alteration) over a wide range. It is seen (Figure 13 , right) that oil recovery is delayed when A max is high (the end recovery is the same). The increased adsorption means that more WA agent must be injected to reach the desired wettability changes. As the matrix then has higher capacity to store the component it will arrive later at the producer ( Figure  13 , middle). If A max is very small (compared to the injected concentration) it seems the behavior converges towards the case with fixed wetting state (for c=1). The wettability will change almost instantaneously at the front and the water will lose negligible component by adsorption. The dilution of WA agent into the connate water will inhibit the alteration process and set the difference from the fixed wetting state behavior. For low A max the (second) linear recovery phase lasts shorter (as the alteration process happens fast) and more of the profile resembles the familiar square root of time shape, indicative of a fixed wetting state. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
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The role of diffusion
The transport of reactive component is essential to alter the wettability and raise capillary forces which draw water into the matrix. In oil-wet and mixed-wet rocks this relies heavily on molecular diffusion and to some extent dispersion once a phase flow has initiated. In the presented examples the component has been effectively taken into the matrix, see Figure 10 , partly because the time scale of diffusion has been small (enough). To demonstrate how diffusion can limit the process we have varied the matrix diffusion term (15) in (6) and (7) while keeping other parameters fixed. Results are presented in Figure 14 and Figure 15 . Some component is brought in by imbibition as seen by the increased recovery of the case D m x0 compared to POW. Furthermore, recovery rate increases with the magnitude of the diffusion term. A surprising feature is that the cases with low diffusion have higher recovery at early times. This can be explained by the nonlinearity of the process where wettability alteration is more effective at low concentrations (see Figure 9 ). Therefore, it first appears benefitial that the WA agent is distributed along the flow path instead of advancing slower. Long term however, the lack of diffusive transport leads to production of the WA agent and less adsorption meaning that it takes longer time to obtain full recovery. Note that a root of time profile is more established at low diffusion regimes, which agrees both with diffusion-like transport and slow imbibition. Figure 15 shows a distribution of water and WA agent after 250 FV have been injected for different magnitudes of D m . In the left figure the WA agent is rapidly diffusing into the matrix, while water slowly imbibes. Moving right in the figure WA agent diffuses slower. Water becomes limited by how fast the matrix wettability is altered and the distributions of water and WA agent become similar. Especially we note that the uniform concentration profile along the fracture also produces a uniform imbibition profile. 
Concluding remarks
In this article we have presented a 1D+1D model to illustrate how brine-dependent oil recovery by SI may behave in a matrixfracture system. Experiments have shown that SI is an important recovery mechanism in fractured reservoirs and that the ultimate recovery is controlled by wettability (Graue et al., 2001 , Haugen et al., 2010 , Zhou et al., 2000 . It is possible to alter the wettability towards a more water-wet state and hence increase the potential for SI by introducing chemically reactive components (ions, chemicals, etc.) to the system (Zhang and Austad, 2006 , Zhang et al., 2007 , Ahsan et al., 2012 , Hirasaki and Zhang, 2004 ). The matrix model could historymatch a brinedependent SI experiment described in (Zhang and Austad, 2006) . There is a need to understand how this behavior will appear on a larger scale and our 1D+1D model gives an indication by considering this in a fracture-matrix flow context. The model considers injection of water into a reservoir where advective flow occurs in a fracture channel, while capillary flow appears in the matrix to feed the fracture with oil. The injected water carries a wettability alteration agent which can enter the matrix, adsorb onto the rock surface and alter the wettability towards a more water-wet state. Darcy-scale modelling of wettability alteration requires proper knowledge of the geochemical interactions, represented by (13), and how they impact the saturation functions, represented by (14). Both factors may be time-dependent and impact the efficiency of the recovery process. The numerical solution procedure was validated by comparison with 2D simulations in Eclipse. The following observations were made:
1. If the matrix wettability is fixed preferentially oil-wet water breakthrough occurs quickly and recovery is low. If the matrix is preferentially water-wet the water breakthrough happens later and recovery is higher. This behavior was seen experimentally in (Haugen et al., 2010) . At fixed wettability the recovery from the given fracture-matrix geometry is linear before breakthrough and follows a square root of time profile afterwards, as discussed in (Rangel-German and Kovscek, 2002) . 2. The WA agent enters the matrix by SI of the water phase, dispersion and diffusion. The dilution into connate water and adsorption onto the matrix rock delays the WA agent breakthrough compared to the water front. A model for component transport in fractured reservoirs was also described in . 3. Varying WA agent concentrations also changes the amount of adsorption onto the rock. By linking wettability alteration to adsorption it is therefore possible to explain differences in ultimate recovery when changing the concentration of the WA agent, as observed and discussed in (Zhang and Austad, 2006 , Ahsan et al., 2012 , Fernø et al., 2011 . 4. The WA agent takes some time to enter the matrix so the reservoir will initially behave as POW. This means that the time of water breakthrough will be similar to the POW reservoir. The SI of water and adsorption of WA agent change the capillary pressure in opposite directions (weaken or strengthen the driving force, respectively). If these mechanisms are of similar magnitude this production stage can therefore be characterized by a linear recovery profile. If the diffusion process is slow the distribution of WA agent limits the rate of recovery, see Figure 14 . 5. The effect of the WA agent should not be determined by the breakthrough time, but by the behavior after breakthrough. It may be possible to see clear effects quickly due to the short residence time. 6. The amount of WA agent that needs to adsorb to make a wettability alteration will also indicate how fast the alteration goes. If the amount is negligible the alteration will follow the WA agent front which lies ahead of the water front due to dispersion and diffusion. The matrix will then become PWW at first contact with the imbibed water. 7. If the matrix retains a large amount of WA agent by adsorption, the wettability alteration and recovery is controlled 
For each splitting step dT; advection (23) is carried out for dT/2, followed by SI (24) and dispersion (25) interchanging (every local time step of imbibition) until a full splitting step dT has been completed. Then advection (23) is again performed over a time dT/2. Discretization a) Advection in fracture: The system (23) is solved explicitly using the discretization below: where the van Leer slope-limiter is used to provide 2 nd order accuracy of the advective terms in y using the MUSCL scheme. Cell 1 denotes the fracture, while cell 2:N x +1 are matrix cells starting next to the fracture and ending at the boundary. P i denotes capillary pressure P c in cell i. Cell 1 uses a flux based on knowing the capillary pressure at the interface. Cell 2 uses a left flux consistent with cell 1 and a right flux consistent with cell 3. Cell N x+1 has a closed outer boundary (zero flux). We use an upwind formulation on the coefficients: )) sgn( , 0 max( ) ( )) sgn( , 0 max( ) ( ) ( )) sgn( , 0 max( ) ( )) sgn( , 0 max( ) ( ) ( For stability we require that the change in capillary pressure in a given cell is less than half the difference to its neighbours. For the fracture cell the limitation on the time step is set so that the saturation remains nonnegative. c) Dispersion / diffusion along matrix: Discretization of system (25) is made using a fully implicit solver. Let 25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
